ABSTRACT. Investigation on the glaciation of the High Tatra Mountains has an
Introduction
Research on the Pleistocene glaciation of the Tatra Mountains has been carried out for over 200 years. During that time many of the researchers presented their conclusions about the number and age of glacial cycles and spatial and temporal distribution of glaciers. The Tatra Mountains, situated on the Polish-Slovakian border are 57 kilometres long and 25 kilometres wide (Fig. 1 ). The range is geographically divided into two parts: the lower Western Tatras and the higher Eastern Tatras (High Tatra Mountains). This reflects the geological composition of the massif, with metamorphic and sedimentary rocks on the west and plutonic rocks on the east. The Tatra Mountains are the highest massif of the Western Carpathians, reaching 2655 m a.s.l. (Gerlachovský Stit). Inferring from geomorphologic evidence and dating, the massif was glaciated at least several times. Additionally, it was the northernmost mountain range of the European alpine mountains with glaciers during the Pleistocene. The High Tatra Mountains are deeply incised by glacial valleys and cirques, but are not currently occupied by glaciers. Only small glacierets or perennial snowfields exist in the glacial cirques below steep rock walls exposed to the north (Gądek, 2008) . These features are located clearly below the climatic snow line, which is located at 2500-2600 m a.s.l. on the northern side and at 2700-2800 m a.s.l. on the southern side (Zasadni and Kłapyta, 2009) . The High Tatra Mountains are located in the transitional climatic zone, under the influence of the polar-oceanic humid air masses. The data set from one of the two warmest periods of the 20th century (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) demonstrates that the distribution of mean annual temperature is nearly uniform on both sides (northern and southern) of the massif with only slightly higher values (0.5°C) on the southern slope. Temperature ranges from 5 to 6°C inside the dales on the foreland of the Tatras to -4°C on the highest peaks. Distribution of precipitation is more complicated. Annual precipitation at the same elevation is about 40% higher on the northern side than on the southern side. This is mostly due to the prevailing northwestern atmospheric circulation and direction of moisture transport in central Europe (Niedźwiedź, 1992) .
The geomorphologic study on the glacial landforms were carried out by many researchers in both the Polish and the Slovakian Tatra Mountains (e.g. Lukniš, 1973; Klimaszewski, 1988) . All glacial catchments have very well-developed systems of glacial accumulation and erosional features with e.g: terminal and lateral moraines, glacial trimlines, rocheés mountoneés, glacial polish, striae and fossil rock glaciers. Well-preserved moraine ridges were the primary basis for morphostratigraphic studies and reconstruction of deglaciation chronology in the study area (Lindner, 1994; Lindner et al., 2003; Baumgart-Kotarba and Kotarba, 1997; 2001; 2002) (Fig.2) . Lukniš (1973) . Coloured moraines marked in catchments with exposure age chronology.
The aim of this paper is to present the current state of knowledge on the timing of deglaciation of the High Tatra Mountains based on exposure age chronology of glacial landforms and some of historical data sets. Moreover, the course of deglaciation is supported by paleoclimatological parameters as equilibrium line altitude of glaciers, mean summer and annual temperature and sum of annual precipitation which are reconstructed based on glacier-climate modeling (Makos and Nitychoruk, 2011; Makos et al., 2013 a and b; .
Glacial history of the Tatra Mountains
The glacial history of the Tatra Mountains is primarily based on the geomorphologic evidence. During the long period of investigations focused on the Quaternary glaciations most geomorphologic and palaeogeographical studies were carried out in the High Tatras and therefore, local glacial landforms and their temporal assignment in this area are better understood, when compared to the Western Tatra Mountains. In the first half of the 20 th century, glaciations of the High Tatras were extensively studied mainly by Partsch (1923) who confidently recognized traces of two glaciers' advances. Further opinions about the course of the "ice age" were proposed by e.g. Vitásek (1931) and Romer (1929) . Detailed case-studies from individual valleys have brought new light into separate morphostratigraphic situations of moraine remnants and associated glacial deposits, whereas work by Lukniš (1964) refers to the paleoclimatic conditions and geomorphological evolution of the range as a whole. The most comprehensive and detailed monograph concerning landforms of the High Tatras has been the one by Lukniš (1973) , who has recognized three main Quaternary glaciations of the High Tatras, relating them to the traditional alpine nomenclature (Mindel-nowadays correlated with MIS 12; Riss -MIS 6-10; and Würm -MIS 5d-2) and determined that the penultimate glaciation was the most extensive. On the basis of the moraine morphostratigraphy, Lukniš (1973) defined within the Last Glacial (Würm) five cold stages corresponding to prominent glacier advances (stadials, marked by letters A-E) and one cold interval at the beginning of the Holocene (Fig. 3) . Two older glacial periods (Mindel, Riss) are according to Lukniš (1973) represented only in the form of glaciofluvial deposits. Since the Lukniš's fundamental contribution, many different and contradictory opinions from both the Polish and the Slovak researchers have been voiced regarding the age and extension of glaciations in the High Tatras (e.g., Klimaszewski, 1988; Halouzka, 1992; Lindner et al., 2003; Halouzka and Horniš, 1995; Baumgart-Kotarba and Kotarba, 1997 , 2001 , 2002 .
Analysis of glaciofluvial levels on the northern foreland of the massif allowed distinguishing eight glacial cycles (Lindner et al., 2003) , timing of which was constrained with the use of thermo-luminiscence (TL) dating methodology (Lindner et al., 2003) . Six older glacial events are represented only by glaciofluvial series. Two last glaciations (Riss and Würm) are evidenced by glaciofluvial and glacial deposits (Klimaszewski, 1988 , BaumgartKotarba and Kotarba, 1997 , Lindner et al., 2003 . The extent of the Riss glaciation, however, is not well established due to the lack of well preserved moraine ridges. Würm glaciation is subdivided into three stadials (Suchej Wody, Bystrej, Białki). Glaciofluvial deposits of particular stadials gave TL ages of 89±13 -81±12 ka, 69±10 -57±8 ka, and 32±5 -25±4 ka, respectively (Butrym et al., 1990; Lindner, 1994) . According to Lindner et al. (2003) , the maximum extent of the Białka Stadial occurred during the Hurkotne phase. The following recessional phases (Łysa Polana, Włosienica I -III and Pięć Stawów Polskich I -IV) took place at 23±3, 16±2 and 14±2 ka ago, respectively (Fig. 3) . It has to be emphasized, however, that TL dating method has limited precision, thus thermoluminescence-based stratigraphy can be treated with very limited confidence. The very interesting deglaciation pattern of the High Tatra Mountains was presented by Baumgart-Kotarba and Kotarba (1997; 2001; 2002) . The authors distinguished ten phases of deglaciation in the Biała Woda Valley and seven phases of deglaciation in the Rybi Potok Valley, Roztoka Valley, Pańszczyca Valley and SuchaWoda Valley (Fig. 3) . All phases are represented by recessional moraines. They were correlated with Alpine stadials according to Patzelt (1975) . These findings are partly confirmed by OSL and SAR dating of the maximum moraine in the Sucha Woda Valley (Baumgart-Kotarba and Kotarba, 2002) as well as by 14 C dating of lacustrine sediments in the Czarny Staw Gąsienicowy Lake (Baumgart-Kotarba and Kotarba, 2001). Dzierżek et al. (1999) applied the terrestrial in-situ nuclides (TCN) methodology in the Tatra Mountains for the first time ever. They measured the age of exposure of moraine boulders and glacial polish, using the cosmogenic isotope 36 Cl. The obtained data set partly confirmed previous assumptions and was very promising for future analysis. For the next ten years, however, no other research has been performed using cosmogenic isotopes in the Tatra Mountains. Finally, Dzierżek (2009) presented the whole data set from Dzierżek et al. (1999) Makos et al. (2013a and b; .
Figure 4. Plot of exposure ages for samples from the study area and other locations in the Tatra
Mountains against the GRIP ice-core record (Lowe et al., 2008) . Published time ranges of the coldest LGM (Clark et al., 2009) , the H1 event (Hemming, 2004) , the Bølling/Allerød and the Younger Dryas (Rasmussen et al., 2006) 
The Late Würm in the High Tatra Mountains

Last Glacial Maximum
During the Last Glacial Maximum almost all catchments in the High Tatra Mountains were occupied with valley glaciers (Makos et al., 2014; Zasadni and Kłapyta, 2014) . There is no evidence of an ice cap covering the highest summits of the massif. The position of glacial trimlines in troughs and cirques clearly limits the maximum extent of active ice below crests (Makos and Nitychoruk, 2011; Makos et al., 2013a) . The largest catchments (e.g: BiałaWoda, Koprova) which are usually composed of the main trough and a number of hanging tributary valleys and cirques, were huge glacial basins with glaciers formed as dendritic or at least compound systems. The Biała Woda glacier was the largest system in the High Tatras during the LGM and its area reached over 40 km 2 . Smaller glaciers, especially on the southern slope of the range were formed as valley glaciers with one accumulation area and one tongue. Morphology of the High Tatra massif and its N-S asymmetry was one of the most significant factor determining the shape and size of glaciers during Pleistocene. The northern glacial troughs are much longer and glaciers terminated inside the valleys with normal fronts, while the southern troughs are relatively short, limited only to the range of the crystalline core of the Tatras, and almost all southern glaciers terminated on the foreland of the massif forming expanded fronts (Fig. 2) . Very well-formed and preserved moraine ridges and trimlines of the maximum extent give the opportunity for a detail reconstruction of the glacier geometry (Fig. 5) . The recent publication of Zasadni and Kłapyta (2014) presents the LGM glacial cover in the Tatras. The most prominent, maximum moraine ridges on the northern and southern side of the High Tatra Mountains were a subject of many paleogeographic and geomorphologic studies (e.g: Baumgart-Kotarba and Kotarba, 1997; 2001; Lukniš, 1973) . The spatial distribution of glacial accumulation features has been the basis for constructing the morphostratigraphic schemes for few decades (Lukniš, 1973; Lindner, 1994; Lindner et al., 2003; Baumgart-Kotarba and Kotarba, 1997; 2001) . The most extended moraine ridges were assumed as formed during the last glacial cycle, probably the LGM. The numerical dating of glacial forms, however, has a very short history in the Tatra Mountains and allowed to review the former conclusions. The glacial chronology in the Tatras is based on the 36 Cl exposure age dating methodology so far. Cosmo-datings were applied in the Sucha Woda catchment, the Biała Woda catchment, the Mlynicka Valley and the Velicka Valley (Makos et al. 2013 a; .
The spatial distribution of exposure ages from the terminal moraine system in the Sucha Woda/Pańszczyca catchment suggests at least two stages of moraine formation. There is only one boulder dated on the maximum ridge and its age indicates moraine stabilization around 20.1 ka. This age seems reasonable in light of dates obtained from an internal (younger) ridge where most dates are distributed around 18 ka ( Fig. 4 and 6 ). The entire data set can be interpreted as reflecting two periods of glacier stabilization: the older one around 20 ka and the younger one around 18-16.7 ka (Makos et al., 2014) .
The maximum extent of the glacier in the Velicka Valley is limited by the well-developed terminal/lateral moraine. Final stabilization of the outer moraine occurred at about 25 ka thus the maximum advance likely took place slightly earlier. The maximum lateral ridge was abandoned by the glacier by about 21.5 ka (Fig. 4 and 6 ). The significant discrepancy between ages of formation of the lateral and terminal moraines likely reflects the longer preservation of the lateral ridge at the active glacier, while the terminal moraine has already been free of ice. This means that oscillating glacier on the background of the maximum terminal moraine could have been stable at the position of the lateral moraine for at least 3000 yr or that some advance occurred at around 22-23 ka. The mean age of the inner terminal moraine confirms final stabilization of the form by 17.4 ka (Fig. 6) (Makos et al., 2014) . This moraine was formed during a re-advance of the glacier or during the temporal stop of deglaciation. The form reflects likely a climatic fluctuation at the end of LGM cold period. (Dzierżek, 2009; Makos et al., 2013 and b; .
In the lower part of Mlynicka Valley, moraine ridges are a prolongation of the huge moraine system on the foreland of Mengusovska Valley. It was formed by the expanded (nearly piedmont lobe) front of the glacier during at least two stages of glacier activity. The age of boulders indicates that stabilization of the moraine occurred at around 18.7 ± 1.2 ka (Fig. 2 and 4) (Makos et al., 2014) . This age, however, does not reflect the timing of maximum advance of the Mlynicka/Mengusovska glacier. The moraine was probably stable during the time of glacier oscillation on the foreland of the Mengusovska Valley. Thus similarly to the moraine in the Velicka Valley, the terminal moraine in the Mlynicka Valley evidences the maximum extent of the glacier but not the exact age of the maximum advance.
Stabilization of moraines of the maximum advance on both sides of the massif was not simultaneous (Fig. 4 and 6) . The Velicka glacier could have abandoned its maximum position as early as 26 ka, whereas the maximum moraine in the Sucha Woda/Panszczyca Valley was finally stabilized a few thousand years later, probably slightly before 21 ka. This is partly confirmed by the record from the Pięć Stawów Polskich Valley (Polish High Tatra Mountains) where the first pulse of ice melting occurred at 21.5 ka as inferred from the exposure age of glacially eroded bedrock below the LGM trimline (Makos et al., 2013a) . The significant discrepancy between exposure ages of moraines on northern and southern sides of the Tatra Mountains can reflect: (i) a few thousand years earlier advance of the Velicka glacier than the advance of the Sucha Woda/Panszczyca glacier; (ii) simultaneous advance of both glaciers but the final stabilization of moraine in the Sucha Woda Valley occurred a few thousand years later than in the Velicka Valley; (iii) the inheritance of isotope from previous exposition or rejuvenation of the form after its deposition; then obtained dating results do not reflect the true age of glacial activity (Makos et al., 2014) . Anyway, the first glacial advance in the High Tatra Mountains during the LGM can be inferred in the time interval between 26 and 21 ka. The subsequent stage of glacier activity occurred by the end of LGM at around 18 ka (Fig.  4) . This pattern of deglaciation finds confirmation in other mountain ranges in Europe e.g: Rila Mountains (Kuhlemann et al., 2009; . The first pulse of deglaciation in the High Tatra Mountains occurred at about 21.5 ka. There are no proxy data from the Tatra Mountains that can confirm the onset of deglaciation of the LGM glaciers. In the European Alps, the deglaciation began around 21.5 ka (Reitner, 2007) . Before 18 ka, Alpine glaciers lost about 80% of their volume (Ivy-Ochs et al., 2004 , 2008 . According to Clark et al. (2009) , amelioration of the climatic conditions occurred simultaneously with an increase in northern summer insolation and a rapid rise in sea level about 20 ka. According to the GRIP chronology (Lowe et al., 2008) , the first LGM advance in the High Tatras occurred during the Greenland Stadial 3 and the subsequent stage of glacier stabilization took place at the Greenland Stadial 2b (Fig. 3 and 4) .The paleoclimatic reconstruction based on mass-balance modeling shows that the LGM precipitation distribution over the High Tatra Mountains was different than the present-day one (Fig. 7) . By assuming 12°C reduced temperature on both the northern and southern slopes, precipitation sums on the northern slope are only 15% higher than those on the southern one. Temperature reduction of 11°C on the southern slope requires slightly higher precipitation there and then distribution of precipitation over the High Tatra Mountains seems uniform. Therefore, the difference between LGM ELA (1700 m a.s.l. -south; 1460 m a.s.l. -north) on both sides of the Tatras is due to either lower precipitation or higher temperature on the southern slope. In both scenarios at least two different patterns of atmospheric circulation could be considered: a uniform participation of the northern and southern advections, especially during the winter, and prevailing western circulation throughout the year. The latter finds confirmation in the slight W-E ELA gradient of the south-facing glaciers. (Hemming, 2004) , the Bølling/Allerød and the Younger Dryas (Rasmussen et al., 2006) are indicated. The GRIP ice-core record after (Lowe et al., 2008) . Solid black line shows schematic changes of glacier extent during subsequent advances in the study area.
Figure 7. Summary of paleoclimate reconstructions (dark-grey boxes); width: proposed time range of cold episodes based on exposure ages; height: paleoprecipitation reconstructions (Makos et al., 2013 a and b; 2014) Numbers on top and bottom of the boxes are proposed paleotemperature reconstructions for particular cold periods (LGM I, LG 1 and LG 3). Published time ranges of the H1 event
In the light of significantly different sizes of glaciers located on the northern and southern sides of the High Tatra Mountains one might expect that different climatic conditions prevailed on each side (Fig. 5) . The results of modeling, however, indicate that conditions on the two sides were probably nearly the same (Makos et al., 2014) . This fact confirms that the size of the glacier is constrained not only by climatic parameters but also by the size and shape of the valley. Considering the geometry of glaciers during the LGM, it should be emphasized that they existed in basins that had been glacially eroded throughout the whole Pleistocene. Therefore, the shape and size of valleys are the result of erosion efficiency determined by climatic conditions during several hundred thousand years. According to Křížek and Mida (2013) the spatial distribution, shape and size of cirques in the High Tatra Mountains are influenced by moisture sources, which were mainly from the NW to N during the cold phases of the Pleistocene. Thus, northfacing cirques have stronger representation and are more incised with steep slopes, and represent highly developed glacial erosion landforms. The south-facing cirques are not so deeply incised and their bottoms are generally located higher than those on the northern slope. During the LGM, glacial erosion had an obvious influence on the morphology of the massif through the rejuvenation of already existing relief. Therefore, the difference of equilibrium-line position and size of glaciers during the LGM in the Tatra Mountains was likely influenced more by geomorphologic conditions than by the spatial diversity of climatic conditions.
Lateglacial
The post-LGM deglaciation of the study area was affected by number of climatic fluctuations during the Lateglacial period. They were firstly recognized based on the geomorphologic evidence, mainly as well-formed moraine ridges located within the range of LGM ice extent, in the upper part of particular catchments. Baumgart-Kotarba and Kotarba (1997) proposed up to ten recessional phases in the Biała Woda catchment, while in the Rybi Potok and Roztoka valleys and SuchaWoda/Pańszczyca catchment there were up to seven recessional phases recognized (Baumgart-Kotarba and Kotarba, 2001) . On the southern slope of the massif Lukniš (1973) established five cold stages during the last glacial cycle with the maximum LGM stage (D) and five recessionals during the Lateglacial (D1, D2, E1-E3) (Fig. 3) .
The latest research on paleogeography and chronology of deglaciation of the High Tatra Mountains allowed determining the time frames of main cold stages during the Lateglacial. According to exposure ages obtained from the Roztoka and Rybi Potok catchments the first post-LGM glacier advance occurred later than 17.3 ka (Fig. 4) . Depending on the scenario, this event took place just before or slightly after 16.9 ka based on exposure age of bedrock below the glacial trimlines (Makos et al., 2013a) . Therefore, accumulation of moraines occurred probably within the time range between 17 and 16 ka. At that time the lowermost moraines in the Roztoka (1220 m a.s.l.) and Rybi Potok (1300 m a.s.l.) valleys were formed (Fig. 2) . The catchments were already occupied by separate valley glaciers (Fig. 8) . According to the morphostratigraphic scheme of Lukniš (1973) , the moraines D2 or E1 could be correlated with the cold episode at around 17-16 ka. This is partly confirmed by exposure age of moraine E2 in the Velicka Valley, which is estimated at 15 ka (Makos et al., 2014) (Fig. 4 and 6) . The numerically modeled ELA of the Roztoka and Rybi Potok glaciers was located at around 1600 m a.s.l. during the cold stage at 17-16 ka, however, the AAR (0.6) method suggests even 150 m higher ELA on the Roztoka glacier (Makos, 2010; Makos et al., 2013a) . ELA of southern glaciers was placed at the elevation of 1850 m a.s.l. on avaerage (Lukniš, 1973) (Fig. 6) . Similarly to the LGM, at 17-16 ka the ELA was still inclined form S to N, reflecting different morphology of the basins and/or different climatic conditions. Climatic parameters for the steady-state glacial conditions on the northern side of the massif indicate mean annual temperature lower by 9-10°C and 30-50% depressed precipitation sum than today (Fig. 7) . Thus, the early Lateglacial at 17-16 ka in the High Tatra Mountains was slightly wetter and warmer than in Central Alps but much colder and drier than in southern Europe (Makos et al., 2013a; Ivy-Ochs et al., 2006; Sarikaya et al., 2009) . The first Lateglacial cold stage coincides well with other chronologies in the mountains of Europe (e.g. Ivy-Ochs et al., 2006 , Reuther et al., 2007 , Sarikaya et al., 2008 and could have been a reflection of the cold and wet climatic conditions around the North Atlantic during the Greenland Stadial 2b/a (Lowe et al., 2008) . This cold period called the Oldest Dryas in the continental Europe is recorded on the foreland of Tatra Mountains in lacustrine deposits and this data set evidences the tundra-like vegetation and thus much colder and drier climate than today (Koperowa, 1962) . The first cold stage during the Lateglacial in the High Tatra Mountains will be called the Lateglacial Stadial 1 (LG1) in this study. (Makos, 2010; Makos et al., 2013a) .
The subsequent stage of glacier activity in the High Tatra Mountains is recorded as well-formed moraine ridges located further up-valleys from the moraines of LG1 Stadial. On the northern slope of the massif these moraines were defined as R3 and RP4 in the Roztoka catchment and Rybi Potok catchment, respectively (Baumgart-Kotarba and Kotarba, 1997) and SW4 and P4 in the SuchaWoda/Pańszczyca catchment (BaumgartKotarba and Kotarba, 2001) . On the southern slope of the Tatras there were moraines of stage E2 accumulated during that cold episode (Lukniš, 1973) . Terminal moraine (RP4) located on the foreland of the Morskie Oko Lake in the Rybi Potok Valley gave the exposure age of 15.5 ka (Dzierżek, 2009) (Fig. 4 and 6) . Moreover, the sedimentologic record from the Zabie Oko Lake located slightly down the valley from the moraine RP4 indicates that the depression was ice-filled during the cold period when the moraine had been accumulated and the deposition of mineral sediments occurred slightly later, at the beginning of Bølling/Allerød warming. In the Velicka Valley this cold stage is recorded as the E2 moraine in the vicinity of the Velické Lake. Boulders from the moraine gave the exposure age of the form of 15 ka (Makos et al., 2014) (Fig. 4 and 6 ). In this study the second Lateglacial cold episode will be defined as the Lateglacial Stadial 2 (LG2).
The pollen and sedimentologic analyses form the lakes located in the vicinity of moraines of the LG2 Stadial evidence that they were abandoned by the glaciers at the beginning of the Bølling/Allerød warming called here Lateglacial Intestadial 2 (Krupiński, 1984; Cieśla, 1983, Baumgart-Kotarba and Kotarba, 1995) . Moreover, the significant downwasting of glaciers is also recorded by exposure ages of cirque walls in the Pusta Valley and Za Mnichem Valley. There is an evidence of quick thinning of glaciers between 15 and 13.5 ka (Makos et al., 2013 a and b) .
At around 13 ka climate in the Tatra Mountains became more severe again. Glaciers, occupying the uppermost areas of the catchments, advanced or were stable and formed large terminal moraines on both northern and southern slope of the massif. The exposure ages from boulders on the threshold of the Za Mnichem Valley show that the moraine was finally stabilized at around 12.5 ka (Makos et al., 2013b) (Fig. 4 and  6) . Therefore, according to the chronology of the Lateglacial presented by Björck et al. (1998) , this cold episode in the Tatra Mountains can be correlated with the Younger Dryas (Greenland Stadial 1). This cooling is also recorded in the lacustrine sediments of the Żabie Oko Lake as the sequence of fine grained very thin layer of sand reflecting the relatively small outflow from the Morskie Oko Lake. The overlying layer of silts with detritus provide evidence of stable discharges controlled by the lake and the bottom part of organic sediments has been dated to 11.8 cal ka (9780±350 14 C years BP) (BaumgartKotarba and Kotarba, 1995), indicating the onset of Holocene warming. The whole exposure data set from the Za Mnichem Valley clearly shows that the glacier produced the terminal moraine at the valley threshold during the Younger Dryas (Fig. 9) . Based on glacier-climate modelling, it is inferred that the glacier was stable when the climate in the valley was colder (4.2-4.6°C summer temperature depression; 6°C annual temperature depression) and drier (15-25% annual precipitation depression) than today (Makos et al., 2013b) . Such conditions determined lower position of the YD ELA (1990 m a.s.l.) on the northern slope of High Tatras by about 500 m in relation to the present-day one (Fig.  7) . These findings are partly confirmed by a botanical record from the Tatra foreland where summer temperature reached around 11.5°C (600 m a.s.l.) (Koperowa, 1962) and by a timberline depression which was of 400-700 m during the YD (Krupiński, 1984; Obidowicz, 1993) . There are very sparse data reflecting the YD paleogeography and climatic conditions in the Slovakian Tatras. According to the study of Lukniš (1973) , the moraines E3 could be correlated with cooling of YD but there are no other evidence such a numerical dating of moraines or lacustrine sediments. The ELA of YD glaciers in the 'southern' valleys rose up to 2020 m a.s.l. The timberline was located at the elevation of around 800 m a.s.l., and the average summer temperature reached around 11.5-12.5°C on the foreland. YD climate in the Slovakian High Tatra Mountains is defined as cold and wet (Lukniš, 1973) . In this study the last Lateglacial cold episode will be defined as the Lateglacial Stadial 3 (LG3). (Makos et al., 2013b) .
During the YD cold period mountain glaciers responded markedly across whole Europe. Significant terminal moraines were accumulated e.g.: in the Alps (Kelly et al., 2004 , Ivy-Ochs et al., 2009 , the Southern Carpathians (Reuther et al., 2007) , the Central Carpathians (Rinterknecht et al., 2012) , the Pyrenees (Pallàs et al., 2007) . Following the timing of the YD moraine stabilization across Europe, it seems that glaciers retreated earlier in the 'eastern' mountains (Rinterknecht et al. 2012 ) than in the 'western' ones (Pallàs et al. 2007) . If the temperature decrease in western and central Europe was uniform, the mass balance of glaciers was determined mostly by precipitation. This suggests a prevailing continentality of climate eastwards during the YD in Europe.
There is no direct evidence when glaciers finally melted out in the Tatra Mountains. Climatic fluctuations at the beginning of the Holocene are recorded mainly in lacustrine deposits and reflect the environmental changes based on pollen and diatoms analyses as well as radiocarbon dating (e.g: Krupiński, 1984; Marciniak and Cieśla, 1983; BaumgartKotarba and Kotarba, 1995) . The onset of sedimentation of organofacies in glacial lakes is dated to about 11.7 ka (Krupiński, 1984; Baumgart-Kotarba and Kotarba, 1995) . The pollen assemblages are the basis for reconstruction of the position of timberline. This had been located at 1100 m a.s.l. during the Pre-boreal, then rose up to 1650 and 1950 m a.s.l. during the Boreal and Atlantic periods respectively. There is an opinion that the final deglaciation of the Tatra Mountains occurred during the Holocene optimum at around 8.5 ka (Lindner et al., 2003) . The exposure age of the polish bedrock on the headwall of the Za Mnichem cirque indicates that this one was finally exposed by a glacier at about 11 ka (Makos et al., 2013b) . However the uppermost, north-faced hanging cirques could have been glaciated slightly longer.
Conclusions
The current state of knowledge gives the opportunity to create the very general pattern of deglaciation of the High Tatra Mountains, which is based mostly on geomorphologic evidence and a very limited number of exposure datings in few catchments. However, only the comprehensive look at the spatial and temporal diversity of the course of deglaciation in the whole massif will allow comparing the last glacial cycle in the Tatra Mountains with other ranges in Europe. The big advance in the recent paleoclimatic reconstructions across the world is standardization of the methodology. TCN methods are currently widely used and their accuracy is continuously in progress. Glacier-climate models give very promising and comparable results and the studies of mountain climate and ecology have become a major target in Europe, especially for the Mediterranean region (IPCC report, Solomon et al., 2007) . It is necessary to extend the range of advanced studies on paleoclimate to central Europe. Thus, further studies using the exposure age dating methodology are necessary to determine the chronology of Pleistocene glacial episodes in all catchments of the Tatra Mountains.
As the northern part of Europe has been affected by the Fennoscandian Ice Sheet during the last glacial cycle, reconstruction of the climate in the Tatra Mountains will help us understanding interactions between the ice sheet and mountain glaciations. It provides a new evidence for atmospheric circulation over Europe during the glacial times, what in consequence is a very useful tool to predict further climatic oscillations depending on changes in air masses movement and moisture inflow in Europe.
